Irrigation with raw, partially and treated wastewater is a widespread practice in many 11 arid and semi-arid zones. The importance of wastewater for agriculture has 12 increasingly been recognised not only as a valuable water resource but also for its 13 nutrient value. However, inappropriate management of irrigation with wastewater can 14 pose substantial risks to public health and the surrounding environment as a result of 15 its microbial and toxic components. In this review, we summarise recent research 16 and provide a broad overview of the potential risks associated with the chemicals in 17 wastewater used for irrigation including their environmental, and health impacts, 18 factors that may affect the fate of these chemicals, and available mitigation methods 
Introduction

27
Water scarcity is a growing concern especially in many arid and semi-arid zones 28
where the limited natural water resources are heavily exploited. Increasing water 29 scarcity threatens economic development and the sustainability of human livelihoods 30 as well as the environment especially in developing countries (Scott et al., 2004) . 31
The challenges posed by water scarcity will become even greater in the future due to 32 population growth, urbanisation, climatic change and the growing food demand 33 which will contribute to increasing the gap between water supply and demand for 34 water (Hussain et al., 2002) . It is estimated that around 40% of the global population 35 are currently experiencing water stress (Calzadilla et al., 2011) 36 Globally, agriculture is the largest consumer of water, accounting for approximately 37 70% of all freshwater extraction (Winpenny et al., 2010) . Due to growing competition 38 between the agricultural and higher-economic-value urban and industrial uses of 39 freshwater supplies as a result of the increasing demand for water, wastewater has 40 increasingly become the predominant low cost and reliable alternative to 41 conventional irrigation water in many countries especially arid and semi-arid zones 42 (Scott et al., 2004) . Currently, reuse of wastewater in urban and peri-urban 43 agriculture is already a widespread practice in different parts of the world (Jiménez et To a large extent, wastewater can be considered as a reliable source of water and 51 nutrients that is available all year around. Its availability and nutrient properties are 52 important factors that make it a valuable resource particularly in arid and semi-arid 53 zones (Jiménez et al., 2010 , Winpenny et al., 2010 . Nevertheless, wastewater is a 54 complex resource and while it may have many benefits, concern regarding the risks 55 to human health and environmental quality as a result of the microbial and toxic 56 components is a serious obstacle for wastewater reuse in agriculture. Most of the 57 existing research has tended to focus on the microbial risks regarding the use of 58 wastewater and guidelines for the safe use of wastewater in agriculture. This may be 59 due to the immediate effects of microbiological components on public health 60 compared to the longer term risks posed by chemical exposure ((WHO, 2006 , Bos et 61 al., 2010 . Generally, using wastewater in agriculture is unlikely to contribute to direct 62 health impacts from chemicals hazards unless the wastewater is heavily 63 Leads to sodicity problems which can cause deterioration of soil structure, clay dispersion with subsequent blocking of pores, negative effects of hydraulic properties such as causing soil impermeability Leads to elevated PH of the soil solution, dissolves Humus and sodium humate precipitates which give the black color for the black alkali soils.
Plants
Excess salt (salinity) leading to changes in the osmotic pressure in the root zone, Osmotic effects depress makes the water less available to the plants leading to plant stress and growth reduction (Muyen et One important option for salinity control is regular application of effective leaching of 211 water to transfer solutes through the soil profile and ensure the leaching of excess 212 salt below the root zone (Carr, 2011 , Maas and Grattan, 1999 , Letey et al., 2011 , 213 Hillel, 2000 . To achieve leaching requirements, an adequate soil drainage system is 214 an essential prerequisite. This can be facilitated through natural drainage if the soil 215 has sufficient storage capacity or permeable subsurface layers, or via artificial 216 drainage systems. In addition to soil drainage, adequate groundwater depth and land 217 levelling are also important components to control salinity in the root zone (Simmons 218 et al., 2010) . 219
Crop selection was found to be the principal factor for the sustainability of 220 wastewater irrigation since certain crops can be irrigated with wastewater without 221 any negative impact on yield. A number of field crops, fruit trees, forage grasses and 222 others have been identified in the literature to suit various salt-affected environments 223 (Simmons et suggested that the optimum ratio of mixing fresh water to wastewater is between 2:1 239 and 1:2 for plant growth (Yu et al., 2012) . Another study carried out by Malash et al. 240 (2005) found that a mixed management strategy with a 60% fresh water 40% saline 241 water ratio in combination with a drip irrigation system gave the highest values of 242 yield and growth in tomato production. An alternating strategy of fresh and saline 243 water can also provide many advantages including the ability to grow a broad range 244 of crops, flexibility to use conventional irrigation methods and control of soil salinity in 245 topsoil during seeding stage to a lower level over time. 246
Since most crops are sensitive during their seeding stage especially grains (Barley, 247
Wheat and Rice) Sesbania, Cotton, tomato, Corn, and sugar beets (Hanson et al., 248 1999) ; it may be possible to reduce the effects of salinity by using modifications of 249 planting practice to minimise salt accumulation around the seeds. This may include 250 sowing near the bottom of the sloping sides of furrows; increased plant density (the 251 seedling rate per unit area) which could compensate for reduced germination; and 252 growing seedlings with fresh water (Minhas, 1996, Ayers and Westcot, 1985) . 253
The application method could also directly affect the efficiency of water use and the 254 way salts accumulate in the soil profile. Some methods are more suitable for use 255 with saline water than others. Several parameters in relation to risk reduction could 256 be used to choose the most suitable method including leaf damage, salt 257 accumulation in the root zone, ability to maintain high soil water potential and ability 258 to handle saline water without significant yield loss. Each irrigation method has a 259 combination of impacts on these parameters, which should be considered before any 260 attempt to improve salinity and sodicity control by changing the irrigation method is 261 undertaken (Maas and Grattan, 1999 , Hillel, 2000 , Pescod, 1992 Table 4  285 illustrates the main potential effects from heavy metals in irrigation with wastewater. 286
Many metals pose little hazard to humans through contamination of the food chain 287 due to the fact that they pose significant photo-toxic effects in low concentrations 288 which are not toxic to humans and therefore inhibit plant growth. Generally, cadmium 289 is the major relevant heavy metal which presents a risk to human health due to its 290 high mobility and also the fact that it is bio-available to plants at very low 291 concentrations that are not photo-toxic but could pose a health risk to human 292 
317
The major concern with regard to the potential effects of heavy metals on agricultural 318 production and human health would be related to the use of untreated wastewater or 319 the use of biosolids as fertilizers (Hamilton et al., 2007) . Moreover, heavy metalswould be a critical issue when industrial wastewater is used or blended with 321 domestic wastewater and used for irrigation (Mapanda et Table 3  381 provides heavy metals concentration in edible parts of some crops found in the 382 literature. 383 * NA: not available 386
Heavy metal management options: 387
Although wastewater treatment is the best choice in managing wastewater in 388 agriculture biological treatments are generally designed to remove organic 389 compounds and microorganisms and therefore the removal of heavy metal by 390 biological treatment may be regarded as a side benefit (Chipasa, 2003) . Theefficiency of metal removal by biological treatment processes will vary depending on 392 the types of metals which are present and their concentration. Physical, chemical 393 and biological factors will also affect the outcome, for example, heavy metal removal 394 from activated sludge depends on pH and dissolved organic matter and an increase 395 in pH will increase the removal as metals precipitate as hydroxides (Chipasa, 2003) . 396
High concentrations of heavy metals can be toxic to microorganisms and reduce 397 microbial activity resulting in an adverse effect on biological treatment processes 398 (Chipasa, 2003) .
been used for metal removal from aqueous solutions due to its simplicity and low 406 capital and operational costs, however, its efficiency can be affected by pH and the 407 presence of another ions, it is also ineffective when metal concentration is very low 408 However, these technologies have high capital and operational costs which limit their 414 use especially on a large scale Wang, 2011, Baysal et al., 2013) . 415
The selection of the most suitable treatment method will depend on many factors 416 including the metal concentration, other wastewater components, plant flexibility and 417 reliability, capital investment and operational cost, and environmental impact. 
Nutrients
464
Wastewater commonly contains high concentrations of nutrients in the form of 465 nitrogen, phosphorus and potassium, although concentrations will vary significantly, 466 depending on whether untreated, diluted or treated wastewater is used. Table 5  467 provides a summary of the typical nutrient concentration ranges in untreated 468 wastewater and in treated effluent from secondary and advanced tertiary processes 469 470 Table 5 Typical Table 6 illustrates the potential effects of excessive nutrients. 496 497
Nitrogen: 498
The amount of nitrogen taken up by the plant, leached to groundwater, or lost via soil 499 erosion and volatilization depends on the nitrogen concentration in the effluent and 500 the soil, the type of soil, crop demand, soil permeability, irrigation rate and the 501 vulnerability of the aquifer. Nitrogen supplied via irrigation is removed primarily 502 through nitrification and subsequent ready uptake by plants as ammonium NH4 + -N 503 and nitrate NO3-N. However when they are applied in excessive amounts they can 504 affect the quality of crops (Chen et al., 2013a) . 505
The concentration of ammonium NH4 + in treated wastewater is normally greater than 506 nitrate and it usually binds to soil particles and is not leached. However it can easily 507 be converted to nitrate via nitrification by soil bacteria, Nitrates are highly dissolved 508 in the soil solution and they can easily be moved through wastewater irrigated soils 509 especially highly permeable soils . When they are applied in of the sets has four levels of impact ranging from very low (no obvious and direct 658 impact with a score of 1) to high (irreversible with a score of 3), with medium (a score 659 of 2). The qualitative likelihood (Table 8 ) also has four levels ranging from Rare 660 (Lack of evidence but not impossible with a score of 1) to likely (expected to occur; 661 with a score of 4). The Risk value for each set was calculated based on a formal 662 judgement on the consequence and probability using the mathematical formal of: 663
Risk = impact level x Likelihood level 664
A simple risk matrix adopted from was used to evaluate the significance of the risk 665 as illustrated in Figure 1 where risk value of 1-3 (green) are typically perceived as 666 low risks and it can be accepted, while risk values of 8-16 (red) are perceived as 667 high risks and should be unacceptable and it is important to manage these risks. 668 Table 9 and Table 10 summarise the results of the evaluation. 669 Figure 1 the method for assessing the environmental risks of irrigation with wastewater 673
674
The analysis shows that in arid and semi-arid zones where surface water and rainfall 675 are limited the most significant environmental issue with respect to irrigation with 676 wastewater would be salinity and sodicity. As a result of the high evaporation rate 677 and the lack of rainfall, excessive salts are not naturally flushed out and accumulate 678 in the soil profile causing soil salinity and/or sodicity leading to serious environmental 679 problems that contribute to a loss of soil productivity and fertility, and potential yield 680 losses. 681
Excessive nitrogen supply can also be an important concern. Managing appropriate 682 levels of nitrogen could be a challenging task particularly in developing countries 683 where most irrigation rates are designed to match water requirements rather than 684 nutrient requirements, and oversupply of nitrogen may greatly affect the quality of 685 crops and consequently reduce economic yields. Groundwater contamination from 686 excessive levels of nitrate is a further area of concern. 687 Heavy metals present health risks since their impact on the environment and 688 agricultural productivity is long term (from a few decades to a century depending on 689 the type of effluent used). Health impacts associated with their transmission into the 690 food chain are likely to arise long before they have a negative effect on the 691 environment. 
